We report a detailed study of low-frequency 1/f -noise in large-area molecular-beam epitaxy grown thin (∼ 10 nm) films of topological insulators as a function of temperature, gate voltage and magnetic field. When the fermi energy is within the bulk valence band, the temperature dependence reveals a clear signature of generation-recombination noise at the defect states in the bulk band gap. However, when the fermi energy is tuned to the bulk band gap, the gate voltage dependence of noise shows that the resistance fluctuations in surface transport are caused by correlated mobility-number density fluctuations due to the activated defect states present in the bulk of the topological insulator crystal with a density D it = 3.2 × 10 17 cm −2 eV −1 . In the presence of magnetic field, noise in these materials follows a parabolic dependence which is qualitatively similar to mobility and charge-density fluctuation noise in non-degenerately doped trivial semiconductors. Our studies reveal that even in thin films of (Bi,Sb) 2 Te 3 with thickness as low as 10 nm, the internal bulk defects are the dominant source of noise.
Topological insulators (TIs) are characterized by gapless linearly dispersive spin-polarized surface states in the bulk band gap [1, 2] . These materials are promising candidates for various electronic and spintronic applications [3] due to the topological protection of surface states against back scattering from non-magnetic impurities. However, sensitivity of these surface states to different types of disorder is still a matter of active debate [4] [5] [6] [7] [8] [9] [10] . Recently, flicker noise or 1/f -noise in bulk TI systems has been established as a powerful tool not only as a performance-marker for electronic applications but also for defect-spectroscopy and even band structure determination [8, 11, 12] . Noise measurements in exfoliated TI devices from bulk crystals have revealed that in the thickness range of 50 nm to 80 µm charge number fluctuations in the bulk can give rise to the resistance fluctuations in the surface states [8] . For 10 nm thick exfoliated films however, the underlying disorder dynamics could not be determined as noise was dominated by universal conductance fluctuations (UCF), since lateral dimension of this device (800 nm×300 nm) turned out to be of the same order as the phase coherence length (l ϕ ∼ 250 nm) itself. However, devices in this thickness range are arguably most suitable for novel applications [13] [14] [15] [16] [17] [18] , as this thickness is low enough to allow the bottom gate to tune the chemical potential at both top and bottom surfaces [19] [20] [21] , albeit high enough to prevent any overlap between two surface states which can result in a gap at the Dirac point [22] . Hence, it is important to evaluate and understand noise in 3D TI devices with thickness ∼ 10 nm. In this work, we have studied large area (1 mm×0.5 mm) TI films with 10 nm thickness, where mesoscopic conductance fluctuations are averaged out and underlying defect fluctuations can be detected.
The devices studied in this paper were fabricated from thin (thickness, d = 10 nm) films of (Bi,Sb) 2 Te 3 (BST) grown by molecular beam epitaxy on 111 SrTiO 3 (STO) substrates with a metallic back-coating of Indium that is used as back gate electrode [23] . All the measurements, except temperature (T ) dependence of 1/f -noise, were performed in device BST1 (gate voltage at charge neutrality point V D = 66 V and 71 V at two consecutive thermal cycles). The T -dependence of noise was performed in BST2 (V D > 150 V). Both devices were intrinsically hole-doped. Hall bar geometry with a channel length of 1 mm and width 0.5 mm was defined by mechanical patterning (inset, Fig. 1a) . While, noninvasive hall bar geometry minimizes contribution of contacts in electrical transport and noise measurements [24, 25] , the mechanical etching process prevents the film from being exposed to chemicals (e-beam resist and solvents), resulting in a superior surface quality.
The large dielectric constant of the STO substrate at cryogenic temperatures allows effective electrical back gating for tuning the chemical potential in the sample [21, 26, 27] . Electrical transport and noise measurements were conducted down to T = 5 K and up to magnetic field (B) of 13 T.
The decrease in resistance (R) with decreasing T (Fig. 1a) indicates metallic behavior, which is similar to the R-T behavior reported previously in similar thin exfoliated TI devices with negligible bulk conduction [8] . However, in this case, the measured intrinsic Hall number density is n Hall = 0.9 × 10 14 cm −2 (at T = 6.9 K and gate voltage V G = 0 V), which is high compared to typical number density of surface charge carriers in TI [26] , indicating that the Fermi energy is located within the valence band, and holes in the bulk of the material are mainly responsible for such metallic behavior. This intrinsic high doping leads to a high value of the gate voltage (V G = 66 V), at charge neutrality point, which is identified by a maximum in the R and a change of sign in transverse resistance R xy (inset, Fig. 1b) . In order to evaluate the extent of disorder, we have fitted σ-n calc data (Fig 1b) (where σ =
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and n calc =
within the framework of charge-impurity limited scattering of Dirac fermions [21, 28] , so that
and
where n * is the residual carrier density in electron and hole puddles, and E is a constant that depends on the Wigner-Seitz radius r s . The extracted value of number density of Coulomb trap is n i = 1 × 10 14 cm −2 , which is quite high compared to typical density of Coulomb traps at oxide-channel interface in graphene-FETs [29] , but matches well with the number density of charged disorders in TI-devices [21] , and can be attributed to the bulk charged-defects in
TI.
An AC four-probe Wheatstone bridge technique was used for noise measurements [30, 31] .
The voltage fluctuations as shown in Fig. 2a were recorded as a function of time using a 16-bit digitizer. The time-series data were then digitally processed to obtain the powerspectral-density (PSD, S V ) as a function of frequency (f ) (Fig 2b) . In both devices, we found S V ∝ 1/f α , where the frequency exponent α ≈ 1-1.2. The S V shows a quadratic dependence with bias (V ) (inset, Fig. 2b ), which ensures that we are in the Ohmic regime.
In device BST2, the chemical potential is intrinsically located within the valence band and only the bulk electronic states contribute to transport (R changes by less than 50% over the entire gate voltage range of ±100 V (inset, Fig. 2c) ). The magnitude of noise ( (Fig. 2c) shows a gradual increase with increasing T along with a strong peak at T = 50 K. The gradual increase in noise can be associated with thermally activated defect dynamics in metallic diffusive systems [32] . The strong peak in noise magnitude at T = 50 K bears close resemblance to the noise maximum associated with bulk generation-recombination (G-R) process, which was reported recently for mechanically exfoliated heavily-doped TI devices [8] . The process is schematically explained in Fig. 2d , which is a characteristic feature of Bi-chalcogenide-based TI devices that depends on the energetics of the impurity bands. In order to confirm the G-R mechanism for the noise peak at T = 50 K, we note the timescale associated with this process (τ ) gives rise to a frequency maximum (f max = 1 2πτ
) in the power spectral density (PSD) at temperatures close to the peak (Fig. 2e) . The value of the energy gap associated, as obtained from the fitting of activated behavior of f max (Fig. 2f) as a function of T is ∆E ∼ 83 meV, which indicates that the impurity band responsible for this noise is located at ∼ 83 meV above the bulk valence band
The V G -dependence of sheet-resistance (R S ) shows graphene-like [33] [34] [35] ambipolar transport at both 6.9 K and 17.5 K (Fig. 3b) . The increase of V D at the higher T is caused by the reduction of dielectric constant of STO [36] . Voltage normalized power spectral density S V V 2 , i.e., the magnitude of noise is shown as a function of effective gate voltage (V G − V D ) at 6.9 K and 17.5 K (Fig. 3c) . It is minimum close to the Dirac point (V G − V D = 0), but increases rapidly (∼ 10 times) with increasing |V G − V D |, and reaches a maximum (at
To correlate this behavior with the nature and sign of the charge carrying species, we have measured the Hall number density (n Hall ) as a function of (V G − V D ) at 6.9 K. Change in the back-gate capacitance was estimated from the R-V G data, and used to extract the V G dependence of n Hall at 17.5 K. Fig. 3d shows that the back-gate can tune the state of doping from p-type to n-type over the entire device. Our data clearly illustrates that the noise magnitude is enhanced for |n Hall |
10
13 cm −2 on the hole side, which is the number density associated with the edge of the bulk valence band [21, 26] , demonstrating increased impact of disorder on the bulk charge transport as expected. Due to non-linear dependence of capacitance on V G [26] , the number density in the accessible range of V G did not increase beyond n Hall = −0.8 × 10 12 cm −2 in the electron-side, and hence the noise magnitude saturated to a lower value.
In Fig. 3d the two extrema at the number density (e.g. −13 V and 15.7 V, at 6.9 K)
indicate the transition from pseudo-diffusive (shaded area) to diffusive electrical transport [26, 27] . However, unlike mesoscopic devices of graphene [34, 37] or TIs [8] , the noise does not show any specific signature at these transition points in our device as mesoscopic effects average out in the large area thin films where L, W l ϕ (L and W are length and width of the channel).
For a more quantitative understanding, we have fitted the V G -dependence of (Fig 3c) using the framework of correlated mobility-number density fluctuations model [38] .
According to this model, the noise in the channel is affected by the trapping-detrapping of charges in gate dielectric-channel interface (Fig. 2d) . The main components of the noise are, The total noise can be expressed as,
where
represents a pure number fluctuation,
2 dx represents pure mobility fluctuations and
2 dx represents combined number and mobility fluctuations (α is the decay constant for the spatially decaying time constant τ T of a typical trapping event and A(x) is the scattering constant) and can be evaluated using phenomenological values [38] . D it , k B , W , L, σ, n, x are the areal trapped charge density per unit energy, Boltzmann constant, width of the channel, length of the channel, conductance and number density of charge carriers, axis in the direction perpendicular to the channel respectively, f = 1 Hz frequency and d = 1 nm is the distance over which the tunneling is effective. The data at 6.9 K and 17.5 K were fitted independently to extract the values of D it . We found, D it = 3.2 × 10 17 cm −2 eV −1 at 6.9 K, which is several orders of magnitude higher compared to typical trap density at oxide surface [38, 39] . However, considering an energy window of k B T , the number of activated trapped states, n I = 1.3 × 10 14 cm −2 , which matches with the number density of Coulomb traps n i = 1 × 10 14 cm −2 , extracted from the fitting of the σ-n (Fig. 1b) with µ H B 1 ( where µ H ∼ 10 cm 2 /V.s is the Hall mobility) [40, 41] . Fig. 4a and b shows fit of this data according to the eq.
Here, β is a fitting parameter. Although µ H B 1 in our devices, the extracted value of β = 7.5 is quite high compared to the theoretical value expected for charge or mobility fluctuation noise [41] . In the absence of a theory which accounts for the magnetic field dependence of 
